Sugar beet (Beta vulgaris L.) leaf plasma membrane vesicles were loaded with an NADH-generating system (or with ascorbate) and were tested spectrophotometrically for their ability to reduce external, membrane-impermeable electron acceptors. Either alcohol dehydrogenase plus NAD* or 100 millimolar ascorbate was included in the homogenization medium, and right-side-out (apoplastic side-out) plasma membrane vesicles were subsequently prepared using two-phase partitioning. Addition of ethanol to plasma membrane vesicles loaded with the NADH-generating system led to a production of NADH inside the vesicles which could be recorded at 340 nanometers. This system was able to reduce 2,6-dichlorophenolindophenol-3'-sulfonate (DCIP-sulfonate), a strongly hydrophilic electron acceptor. monal regulation of cell growth or in keeping sulthydryl groups of membrane proteins in a reduced state (reviewed in refs. 11 and 17). The nature of the electron donor(s) for the transplasma membrane electron transport system(s) is not known. Substantial evidence indicates, however, that NAD(P)H is such an electron donor (9, 11, 17).
reduce 2,6-dichlorophenolindophenol-3'-sulfonate (DCIP-sulfonate), a strongly hydrophilic electron acceptor. The reduction of DCIP-sulfonate was stimulated severalfold by the K+ ionophore valinomycin, included to abolish membrane potential (outside negative) generated by electrogenic transmembrane electron flow. Fe3+-chelates, such as ferricyanide and ferric citrate, as well as cytochrome c, were not reduced by vesicles loaded with the NADH-generating system. In contrast, right-side-out plasma membrane vesicles loaded with ascorbate supported the reduction of both ferric citrate and DCIP-sulfonate, suggesting that ascorbate also may serve as electron donor for transplasma membrane electron transport. Differences in substrate specificity and inhibitor sensitivity indicate that the electrons from ascorbate and NADH were channelled to external acceptors via different electron transport chains. Transplasma membrane electron transport constituted only about 10% of total plasma membrane electron transport activity, but should still be sufficient to be of physiological significance in, e.g. reduction of Fea3 to Fe2+ for uptake.
It has been suggested that the plant plasma membrane contains redox systems that transfer electrons from cytoplasmic donors to acceptors in the apoplast. One such transplasma membrane electron transport system is thought to be induced in roots of nongraminaceous plants during iron deficiency and to be involved in the reduction of Fe3" to Fe2" for uptake (reviewed in ref. 17 ). Other, constitutive systems are thought to be involved in other processes, such as hor- ' Supported by a grant from the Swedish Natural Science Research Council. Part of this work was presented at the 8th International Workshop on Plant Membrane Transport, Venice, 1989 . 2 Present address: Department of Plant Sciences, University of Oxford, South Parks Road, Oxford, OXI 3RB, U.K. monal regulation of cell growth or in keeping sulthydryl groups of membrane proteins in a reduced state (reviewed in refs. 11 and 17) . The nature of the electron donor(s) for the transplasma membrane electron transport system(s) is not known. Substantial evidence indicates, however, that NAD(P)H is such an electron donor (9, 11, 17) .
We (1) previously found that NADH-ferricyanide3 and NADH-Cyt c reductase activities were about 30% latent (i.e. could be measured only in the presence of a detergent, such as Triton X-100) with inside-out vesicles and about 80% latent with right-side-out vesicles. From these results, we concluded that both donor and acceptor sites for these activities were present on the cytoplasmic surface of the plasma membrane and that transplasma membrane electron transport from NADH to ferricyanide or Cyt c could at most constitute 30% of the total activities (1). Based on trypsin inhibition of NADH-Cyt c reductase activity (2, 21) , H+-pumping capacity (21) , and H+-ATPase latency using the detergent Brij 58 (22) , we (21) recently estimated the crosscontamination between the inside-out and right-side-out plasma membrane fractions to be about 20%. Hence, the major part (20 of the 30%) of the latent NADH-(acceptor) reductase activities obtained with inside-out vesicles seems to be due to contamination by right-side-out vesicles rather than to transplasma membrane electron transport. This leaves about 10% of the total electron transport activity as possibly transmembrane.
It may be argued that electrons are transferred from NADH across the plasma membrane to, for example, ferricyanide on the apoplastic side only in the absence of acceptors on the cytoplasmic side, that is, that a transport of electrons in the plane of the membrane is favored compared to transplasma membrane electron transport when both alternatives are possible. In the present work, we have therefore loaded plasma membrane vesicles with an NADH-generating system and followed the reduction of external membrane-impermeable electron acceptors to obtain conditions that allow only transmembrane electron transport reported to be the case with plasma membrane-enriched fractions from cotton and radish (15) .
MATERIALS AND METHODS

Plant Material
Four-week-old sugar beet (Beta vulgaris L.) plants were kindly supplied by Hilleshog AB, Sweden and maintained in soil in a greenhouse with supplementary light (23 W m-2, 350-800 nm; Philips G/86/2 HPLR 400 W, The Netherlands). Leaves of 6-to 8-week-old sugar beet plants were used. The soil contained full nutritional requirements including iron. During July to September, sugar beet leaves were harvested in the field.
Preparation of Plasma Membranes
Plasma membranes were purified from microsomal fractions (10,000-50,000g pellet) by partitioning in an aqueous polymer two-phase system as described (21) . These plasma membranes (>90% right-side-out vesicles) were also used for preparation of inside-out plasma membrane vesicles (21 (Fig. 2B) . External NAD' (1 mM) was not reduced by the vesicles loaded with ADH plus NAD' (Fig. 2C, left) until Triton X-100 (0.025% [w/v]) was added to release the ADH trapped inside the vesicles (Fig. 2C, right) . This shows that enclosed, and not externally bound, ADH was responsible for the ethanol-stimulated NADH production with these vesicles ( Fig. 2A) and confirms that this NADH was produced inside the vesicles. Assuming that the ethanol concentration in the vesicles is the same as the external concentration and that the pH in the vesicles is buffered, the concentration of NADH inside the vesicles would be 0.4 mm under the prevailing conditions (see Fig. 1 ; calculated using an equilibrium constant of 8. 10-12 M [5] ). This is more than 10 times higher than the Km(NADH) for the plasma membrane NADH-ferricyanide reductase (1) . Thus, the trapped NADH-generating system should be able to support a transplasma membrane NADH-oxidoreductase with electrons to be transferred to ferricyanide or other electron acceptors in the outer medium (Fig. 1) . (Table I) . Valinomycin (a K+ ionophore) strongly stimulated this reaction whereas nigericin (an ionophore exchanging K+ for HI) had no effect (Fig. 3, A-C) , indicating that the ethanolstimulated reduction of DCIP-sulfonate was an electrogenic process. This stimulation by valinomycin seems to exclude the possibility that the reduction of DCIP-sulfonate was due to a slow permeation of this compound across the plasma membrane with a concomitant reduction at the cytoplasmic surface. No reduction of external ferricyanide, ferric citrate, or Cyt c was observed, however (Table I) , irrespective of whether or not valinomycin or nigericin was present (Fig. 3D , data shown for ferric citrate only). A very low rate ofreduction would have been difficult to detect with ferricyanide since it has a much lower extinction coefficient than DCIP-sulfonate. Any reduction of ferric citrate would have been observed, however. Thus, neither ferricyanide nor ferric citrate seemed to be able to accept electrons from NADH via transplasma membrane electron transport.
All acceptors tested were reduced at high rate by inside-out plasma membrane vesicles in the presence of NADH via an electron transport chain with both donor and acceptor sites on the cytoplasmic surface of the plasma membrane (Table I; (14) , were therefore reduced at a high rate also by rightside-out vesicles loaded with the NADH-generating system (Table I) . Triton X-100 completely inhibited this reaction since it disrupted the vesicles leading to dilution of the NADH/NAD' trapped inside the vesicles (Fig. 3E) . One reason no transplasma membrane electron transport to ferricyanide, ferric citrate, or Cyt c was observed could have been that the high concentration of NADI (10 mM) inside the vesicles completely inhibited the activity. With inside-out plasma membrane vesicles, however, 10 mM NAD+ inhibited NADH-ferricyanide reductase to only about 50% in the presence of 0.4 mm NADH (data not shown). Thus, assuming that the transplasma membrane oxidoreductase is similarly affected by NAD+, it would still be operating under these conditions, although at a 50% reduced rate.
In contrast to our findings, Bcttger (7) reported a reduction of external ferricyanide with right-side-out plasma membrane vesicles from soybean hypocotyls loaded with NADH by electroporation. This reaction was inhibited by actinomycin D, which also inhibits the NADH oxidase and NADH-ferricyanide reductase activities of these vesicles (18, 19) . With sugar beet leaf plasma membrane vesicles, however, we found no effect of actinomycin D (15 AuM) on NADH-(acceptor) oxidoreductase activities with inside-out or solubilized vesicles, nor did we observe any effect on DCIP-sulfonate reduction with right-side-out vesicles loaded with the NADH-generating system (data not shown). Similarly, we found no effect ofp-nitrophenylacetate (0.1 mM), another inhibitor of plasma membrane redox activity in soybean (18, 19) . However, 0.1 mM PCMS (a SH-reagent) strongly inhibited NADH-dependent redox activities with both sugar beet leaf (data not shown) and soybean hypocotyl (18, 19) plasma membranes. Thus, we observed 90% inhibition of DCIP-sulfonate reduction with vesicles loaded with the NADH-generating system, and a similar inhibition of NADH-DCIP-sulfonate and NADHferric citrate reductase activities with both inside-out vesicles and Triton X-100-solubilized plasma membranes (data not shown). PCMS is supposedly membrane impermeable. The inhibition of DCIP-sulfonate reduction observed with the right-side-out vesicles should therefore be due to modification of SH-groups exposed on the outer surface of the plasma membrane.
Reduction of External Electron Acceptors with RightSide-Out Plasma Membrane Vesicles Loaded with Ascorbate
In search for other electron donors that might support transplasma membrane electron transport, right-side-out plasma membrane vesicles were prepared after inclusion of 100 mm sodium ascorbate in the homogenization medium (control vesicles were prepared by including the same amount of ascorbate after, rather than before homogenization of the leaves). The amount ofascorbate trapped in the vesicles could be measured by recording the reduction of the membranepermeable electron acceptor DCIP (Fig. 4) . Control vesicles reduced only trace amounts of DCIP (Fig. 4A) , whereas loaded vesicles reduced relatively large amounts (Fig. 4B) , showing that the loading was successful. Triton X-100 (0.025% [w/v]) increased the rate of DCIP-reduction by about 100% with the ascorbate-loaded vesicles (cf Fig. 4, B and C) showing that the penetration of DCIP through the plasma membrane was rate limiting. Assuming that the concentration of ascorbate in the vesicles was identical to the concentration in the homogenization medium (100 mM) and that all ascorbate was fully oxidized to dehydroascorbate when exposed to DCIP, an internal vesicle volume of 1.6 gL (mg protein)-' can be calculated. This is much less than the volumes of sugar beet leaf plasma membrane vesicles reported by Lemoine (Fig. 4) .
The hydrophilic electron acceptor DCIP-sulfonate was reduced by the ascorbate-loaded plasma membrane vesicles in the absence of Triton X-100 (Fig. 4E , Table II ), indicating that a transplasma membrane electron transport system was operating. The rate was similar to that obtained with vesicles loaded with the NADH-generating system (cf Table I ). Also, ferric citrate was reduced by the ascorbate-loaded vesicles, but at about half the rate (Fig. 4F (Fig. 5) .
Valinomycin stimulated the reduction of DCIP-sulfonate with the ascorbate-loaded vesicles by about 40% (data not shown), and to a lesser extent the reduction of ferric citrate (about 10%, data not shown). Thus, much less stimulation by valinomycin was found in these cases compared to reduction of external DCIP-sulfonate by internal NADH (Fig. 3, A-C) .
The reduction of ferric citrate and DCIP-sulfonate by the ascorbate-loaded vesicles was not inhibited by PCMS (0.1 mM; data not shown), in contrast to the reduction of DCIPsulfonate by vesicles loaded with the NADH-generating system which was 90% inhibited. There was no effect of pnitrophenyl acetic acid or actinomycin D on DCIP-sulfonate reduction by the ascorbate-loaded vesicles (data not shown; not investigated with ferric citrate). (Table I; Fig. 3, A-C) . In contrast to Bottger (7), we were not able to detect any transplasma membrane electron transport from NADH to ferricyanide; neither to ferric citrate nor to Cyt c (Table I, Fig. 3D (2, 9, 12, 17) . The possibility exists that ascorbate rather than NADH is the electron donor in these cases, although NADH is probably the donor for the transplasma membrane electron transport system in iron deficient tomato roots (9) . Alternatively, the NADH-system does not survive the preparation of plasma membrane vesicles. For instance, a peripheral protein on the apoplastic surface linking electrons to more hydrophilic acceptors, such as ferricyanide, could easily be lost during membrane preparation. Giannini and Briskin (13) , working with a crude plasma membrane fraction from red beet storage tissue, also found no evidence for transmembrane electron transport from NADH to ferricyanide.
Using right-side-out vesicles loaded with ascorbate we could detect transplasma membrane electron transport to both DCIP-sulfonate and ferric citrate (Table II; Fig. 4, E and F) . Electron transfer from enclosed ascorbate to external ferricyanide was earlier reported to occur in plasma membraneenriched fractions from cotton roots and germinating radish seeds (15) . These investigators found that ferricyanide established a membrane potential (inside positive; measured by the accumulation of thiocyanate) when added to ascorbateloaded vesicles of a presumed mixed orientation.
Of the inhibitors tested only PCMS showed any effect. Transplasma membrane electron transport from NADH to DCIP-sulfonate was almost completely inhibited by PCMS, whereas transmembrane electron transport from ascorbate to DCIP-sulfonate was not affected at all. Provided that PCMS really is membrane-impermeable, this suggests that the acceptor sites on the apoplastic surface differ for electron transport from NADH and ascorbate. This is supported by the fact that ferric citrate was reduced by ascorbate (Table II, Fig. 4F ) but not by NADH (Table I, Fig. 3D ) via transmembrane electron transport. Possibly, the entire electron transport chains differ, since different donor sites should also be required for ascorbate and NADH. In the electron transport chain using ascorbate as donor, the plasma membrane-bound b-Cyt with a midpoint potential of 150 mV (3) may function as an electron carrier, by analogy with the situation in chromaffin granules (20) .
As predicted from earlier results (1, 4) transplasma membrane electron transport constitutes only a small part of total plasma membrane electron transport activity (at most about 10%; DCIP-sulfonate reduction by NADH in the presence of valinomycin [cf. Fig. 3 , A-C and Table I ]), the completely dominating activity occurring in the plane of the membrane with both donor and acceptor sites located on the cytoplasmic surface (1). The transplasma membrane activities recorded in the present work should, however, be sufficient to be of physiological significance.
